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This paper presents a novel arrangement for strip-block designs aiming at reduction of 
experimental costs. The goal is to provide theoretical and application properties of a new layout, 
called post-fractionated strip-block design. An experiment on a battery production process is 
discussed to illustrate the application of this configuration in industry. 

 
1. INTRODUCTION 

 
Current trends in industry create challenges and 

opportunities for engineers. Designing high-quality 
products and processes at low cost has become an 
economic imperative to survival in the actual 
competitive environment. Thus, modern 
manufacturing systems are faced with an enormous 
pressure to bring products to market rapidly and at 
reasonable price and with the highest quality.  

Design of experiments (DOE) plays a critical role 
in guiding engineers and is a key component of the 
design of new products and/or processes, as well as 
the improvement of existing ones, as pointed out by 
Montgomery (1999). In this scenario, an important 
question engineers deal with is how to reduce costs of 
experimentation. 

The development of new experimental techniques 
for robust product design and multistage processes is 
an area of great potential. The objective of this paper 
is to provide theoretical and application properties of 
a new configuration of a strip-block design, which 
provides reduction in the cost of experimentation by 
reducing the number of trials needed. 

Although strip-block designs have been known and 
applied in the agricultural field since the late 1930’s, 
its use in industrial settings has been very limited. 
Strip-block designs provide not only an economical, 
but also an operational advantage in executing 
experiments. Moreover, the industrial application of 
strip-block designs allow for new and previously 
unexplored possibilities for constructing 
experimental designs.  

To illustrate the potential of strip-block designs in 
industrial context, let us consider the following 
experiment. 
 
1.1 Battery Cells Experiment 
 

Rayovac’s Portage facility in Wisconsin had faced 
problems keeping open circuit voltage (OCV) within 

specifications for one type of battery cells. This 
variable has a direct impact on the functionality of 
the cells. Cells with high OCV cannot be sent to 
customers since the cells will be self-discharging, 
leading to low performance or dead cells.  

Engineers, mechanics, supervisors and operators 
involved in the production process conducted a 
brainstorming session to determine potential factors 
for investigation. The battery cells production is a 
multistage process, which can be divided in two 
major stages: assembly process and storage stage. 
The assembly process comprises a variety of tasks. 
At the end of these tasks the cells are kept in storage 
with controlled temperature and humidity. The team 
decided to consider six process variables, with two 
levels of each, in the experiment. For the purposes of 
this study, these six factors are denoted A, B, C, D, E, 
and F. Factors A through D are related to the 
assembly process and factors E and F are related to 
the storage stage. The ultimate objective of the staff 
was to find the settings of the process variables 
leading to high quality battery cells.  

For this application lots of battery cells were 
assembled and stored. Each storage cycle takes at 
least five days to complete and the facility has one 
storage room for this type of cells. A completely 
randomized experiment would require 26 = 64 trials. 
In this case the storage conditions would need to be 
changed 64 times, which would require at least 64*5 
days = 320 days to obtain the data for the experiment. 
Because the storage process requires several days to 
complete, huge time savings can be realized by using 
strip-block designs. In other words, placing all the 
lots subjected to the same storage conditions in the 
storage room at the same time saves a lot of 
experimental time. In addition, storage rooms are 
generally designed to accommodate several lots of 
cells at a time. It would be unrealistic to suggest that 
each lot of batteries be placed into the storage room 
alone for independent processing. Therefore, strip-
block and split-plot configurations are natural 
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candidates in such situations. A strip-block design 
has an additional economical advantage over the 
split-plot design, since it also leads to savings on the 
number of changes of the assembly setup during the 
execution of the experiment. Box and Jones (1992) 
provides a detailed discussion and comparison of 
strip-block and split-plot designs. 

In this context, Table 1 illustrates a possible 
arrangement for a strip-block design. It represents a 
24 full factorial for the assembly variables (row 
design) crossed with a 22 full factorial for the storage 
variables (column design). This way sixteen different 
lots of battery cells subject to specific assembly 
conditions would be assembled. Each lot would, then, 
be split in four sub-lots and randomly assigned to one 
of the four storage conditions. All sixteen sub-lots 
allocated to the same storage condition would be 
stored simultaneously.  

 
Table 1 – Design (1): A 24 x 22 Strip-Block Design 

Column Design  Row Design - + - + E 
A B C D - - + + F 
- - - - X X X X  
+ - - - X X X X  
- + - - X X X X  
+ + - - X X X X  
- - + - X X X X  
+ - + - X X X X  
- + + - X X X X  
+ + + - X X X X  
- - - + X X X X  
+ - - + X X X X  
- + - + X X X X  
+ + - + X X X X  
- - + + X X X X  
+ - + + X X X X  
- + + + X X X X  
+ + + + X X X X  

Note: The symbol X represents a response. 
 
Let us now consider that, due to space restrictions 

during the experiment execution, only eight sub-lots 
can be accommodated in the storage room 
simultaneously. Then, we question ourselves how to 
modify the experimental design to deal with this 
scenario.  

Table 2 shows an alternative design to handle the 
described situation. The design represents a 24-1 

fractional factorial for the assembly variables (row 
design) crossed with a 22 full factorial for the storage 
variables (column design). This leads to a resolution 
IV design, where two-factor interactions are aliased 
with other two-factor interactions. The idea shown 
here consists of using a fractional factorial for the 

row design instead of a full factorial. The use of 
fractional factorials as row and/or column designs of 
a strip-block experiment is a natural procedure. 
Miller (1997) discusses details for the construction of 
strip-block arrangements of fractional factorial 
designs.  

 
Table 2 – Design (2): A 24-1 x 22 Strip-Block Design 

of Resolution IV 
Column 
Design 

 
Row Design 

- + - + E 
A B C D ABCD - - + + F 
- - - - + X X X X  
+ + - - + X X X X  
+ - + - + X X X X  
- + + - + X X X X  
+ - - + + X X X X  
- + - + + X X X X  
- - + + + X X X X  
+ + + + + X X X X  
Note: The symbol X represents a response.  
         

However, we can explore other possibilities. In 
Section 2, we provide a new alternative for designing 
a strip-block for the battery cell experiment and 
discuss its properties. This new layout is called post-
fractionated strip-block design. In Section 3, we 
present a general framework for post-fractionated 
strip-block designs. Then, in Section 4, using the 
battery cells experiment, we discuss how to properly 
analyze post-fractionated strip-block designs. We 
then finalize with the conclusion in Section 5. 

 
2. NEW APPROACH FOR BATTERY CELLS 

EXPERIMENT 
 

Table 1 represents a 24 x 22 strip-block design, 
which has sixteen row treatments and four column 
treatments. We note that for each row treatment, all 
four column treatments are executed, or similarly, for 
each column treatment all sixteen row treatments are 
carried out. This leads to a total of sixty-four trials. 
Our objective is to reduce the total number of trials 
by using the split-plot confounding principle. Let us 
suppose the team at Rayovac had chosen to run only 
the thirty-two trials shown in Table 3. This design (3) 
is a half-fraction of the original strip-block-design 
and is called a post-fractionated design of order 1, 
since it represents a 2-1 = 1/2 fraction. Design (3) is 
obtained by aliasing ABCD with EF. 

We note that for each row treatment of design (3), 
only two column treatments are executed, or 
similarly, for each column treatment only eight row 
treatments are performed. This leads to a total of 
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thirty-two trials. Also, only eight sub-lots need to be 
placed simultaneously in the storage. The defining 
relation of this design is  

I = ABCDEF, 
which means it is a resolution VI design. 
Consequently, main effects are aliased with five-
factor interactions and two-factor interactions are 
aliased with three-factor interactions.  
 

Table 3 – Design (3): A 24 x 22 Post-Fractionated 
Strip-Block Design of Order 1 

Column Design  
- + - + E Row Design 
- - + + F 

A B C D ABCD + - - + EF 
- - - - + X   X  
+ - - - -  X X   
- + - - -  X X   
+ + - - + X   X  
- - + - -  X X   
+ - + - + X   X  
- + + - + X   X  
+ + + - -  X X   
- - - + -  X X   
+ - - + + X   X  
- + - + + X   X  
+ + - + -  X X   
- - + + + X   X  
+ - + + -  X X   
- + + + -  X X   
+ + + + + X   X  
Note: The symbol X represents a response. An empty 
cell means that the combination is not observed. 
 

This post-fractionated strip-block design gives a 
better resolution than the previous design depicted in 
Table 2. This illustrates the benefit of using this new 
configuration.  

Let us now illustrate a post-fractionated strip-block 
design of order 2. In this case we need two generators 
for the fractionation. The design (4) in Table 4 is 
obtained by aliasing ABC with E, and BCD with F. 

 The post-fractionated design (4) has an interesting 
characteristic. For each row treatment only one 
column treatment is carried out. In fact, this leads to a 
split-plot design with split-plot confounding in which 
the column design represents the whole-plot design 
and the row design represents the sub-plot design. 
This sixteen-run design has the following defining 
relation 

I = ABCE =BCDF = ADEF, 
which means it is a resolution IV design. 
Consequently, main effects are aliased with three-
factor interactions and two-factor interactions are 
aliased with other two-factor interactions. Moreover, 

this design is a minimum aberration fractional 
factorial split-plot design (see Table 3 in Bingham 
and Sitter (2001)).   

 
Table 4 – Design (4): A 24 x 22 Post-Fractionated 

Strip-Block Design of Order 2 
Column 
Design 

 
Row Design 

- + - + E 
A B C D ABC BCD - - + + F 
- - - - - - X     
+ - - - + -  X    
- + - - + +    X  
+ + - - - +   X   
- - + - + +    X  
+ - + - - +   X   
- + + - - - X     
+ + + - + -  X    
- - - + - +   X   
+ - - + + +    X  
- + - + + -  X    
+ + - + - - X     
- - + + + -  X    
+ - + + - - X     
- + + + - +   X   
+ + + + + +    X  
Note: The symbol X represents a response. An empty 
cell means that the combination is not observed. 

 
Furthermore, it is worth mentioning that we are not 

able to construct a useful 16-run strip-block design 
by independently fractionating the row or column 
designs. In other words, it is not possible to obtain 
even a resolution III 16-run design by using a 
fractional factorial for the row or column designs. 
Nevertheless, although the strip-block structure is 
lost, using the post-fractionation concept we conclude 
that we can use a split-plot design with resolution IV, 
if the experimenter can only afford 16 runs. 
  

3. GENERAL FRAMEWORK 
 

We now formally define and introduce the notation 
for two-level post-fractionated strip-block designs. 
We also discuss properties of these designs. 
 
Definition 1: A post-fractionated 2k-p x 2q-r strip-
block design of order f is a 1/2f fraction of the 2k-p x 
2q-r strip-block design and is denoted by  
(2k-p x 2q-r)/2f. The 2k-p x 2q-r strip-block design is 
called base design.  
 

The result of (2k-p x 2q-r)/2f gives the total number 
of trials of the post-fractionated design. We note that 
the same number of trials can be obtained by a 2k-(p+f) 
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x 2q-r or a 2k-p x 2q-(r+f) strip-block design, however 
these two designs denote designs without the split-
plot confounding principle, which characterizes the 
post-fractionated designs. Therefore, the notation (2k-

p x 2q-r)/2f, where the base design is shown in 
parentheses, is employed to emphasize the use of the 
split-plot confounding principle.   
 
Definition 2: Post-Fraction Generators – The 
construction of a (2k-p x 2q-r)/2f post-fractionated 
strip-block design of order f requires f generators. 
Each generator represents an alias relationship 
between an effect involving only row factors and an 
effect involving only column factors.  
 
Definition 3: Maximum Post-Fractionation Order - 
Given a 2k-p x 2q-r strip-block base design, the 
maximum value the post-fractionation order can 
assume to preserve the strip-block structure is f = 
min(k-p, q-r) - 1.  
  

Let us now analyze some characteristics of post-
fractionated strip-block designs of order greater than 
min(k-p, q-r) – 1. First, without loss of generality, let 
us assume k-p > q-r. In a post-fractionated design of 
order f = min(k-p, q-r), for each row treatment only 
one column treatment is executed, but for each 
column treatment a subset of 2k-p/2f row treatments is 
carried out. Consequently, the strip-block structure is 
lost. The resultant post-fractionated design reduces to 
a split-plot design with split-plot confounding, where 
2q-r is the whole-plot design and 2k-p is the sub-plot 
design (see Table 4 as an example). Furthermore, this 
design has 2q-r whole-plots split in 2k-p/2f sub-plots. 
This split-plot structure is observed for all post-
fractionated designs of order equal or greater than 
min(k-p, q-r) and less than max(k-p, q-r). When the 
post-fractionation order is equal or greater than 
max(k-p, q-r), the design reduces to a fractional 
factorial design, since for each row treatment at most 
one column treatment is performed and for each 
column treatment at most one row treatment is 
carried out. Now, if k-p = q-r, a post-fractionated 
design of order k-p reduces directly to a fractional 
factorial design. 

Although, theoretically, post-fractionated designs 
of order as high as (k-p)+(q-r)-1 can be constructed, 
a high post-fractionation order may not generate a 
useful design in practice, considering it can have a 
resolution lower than III.  This is the consequence of 
drastically fractionating a design. 

In summary, strip-block designs can be post-
fractionated to reduce the total number of trials, 
however there is a limit on the degree of fractionation 
if we want to keep the design structure and good 
properties. To preserve the strip-block configuration, 

the post-fractionation order of a 2k-p x 2q-r base design 
should be a positive integer less than min(k-p, q-r). 

 
4. ANALYSIS OF POST-FRACTIONATED 

STRIP-BLOCK DESIGNS 
 

In this section we discuss how to analyze post-
fractionated strip-block designs. First we present the 
analysis of the battery cells experiment. Then we 
derive general expressions for the variance of the 
contrasts for post-fractionated strip-block designs, 
and provide a rule to identify which effects are 
associated with each error strata. 
 
4.1 Analysis of Battery Cells Experiment 
 

Let us assume that for the battery cells experiment, 
we have executed only the thirty-two trials 
considered in the (24 x 22)/ 21 strip-block design with 
generator ABCD = EF shown in Table 3.  

The first step in the analysis is to compute the 
contrast estimates. This is done exactly as if this 
design were a completely randomized fractional 
factorial.  

The next step is to divide the contrasts into groups. 
The correct classification of the contrast strata is 
crucial to the analysis. To identify the correct error 
strata decomposition, we can compute the variance of 
the contrasts and group contrasts with the same 
variance in one strata. If we use this procedure and 
compute the variance for all the possible contrasts we 
conclude that the contrasts A, B, C, D, AB, AC, AD, 
BC, BD, CD, ABC, ABD, ACD, and BCD = AEF 
have the same variance. Also, contrast F has the same 
variance as contrast E, which is different from the 
previous group. Also, contrasts AE, AF, BE, BF, CE, 
CF, DE, DF, ABE, ABF, ACE, ACF, ADE, and ADF 
have the same variance, which is different from the 
previous two groups. Furthermore, an interesting fact 
is observed. The contrast EF = ABCD, which 
represents the generator of the post-fractionated 
design, has a variance different from the other three 
previously presented.  

Therefore, in a post-fractionated strip-block design 
we have four error strata, instead of three groups as in 
the regular strip-block designs. And, consequently 
four separate analyses are needed to evaluate the 
significance of contrasts. 

Table 5 presents the contrast estimates separated in 
the four error strata. Since there are only two 
contrasts in the column stratum and only one contrast 
in the post-fraction stratum, normal plots for these 
strata are meaningless. Thus, Figure 1 shows normal 
plots only for the row and interaction strata. From 
Figure 1(a) we can see that contrasts C and D seem to 
be significant, and contrasts AB and AC may also  be   
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Table 5 – Contrast Estimates for the (24 x 22)/21 Strip-Block Design Separated in the Four Error Strata 

Row Stratum Column Stratum Interaction Stratum Pos-Fraction Stratum 
Contrast Estimate Contrast Estimate Contrast Estimate Contrast Estimate 

A  -0.00331     E 0.00456    AE -0.00331   EF= ABCD -0.00181   
B -0.00169   F -0.03056   AF 0.00131      
C 0.00456      BE 0.00331      
D 0.00656      BF 0.00244      

AB -0.00381     CE -0.00219     
AC 0.00369      CF -0.00231     
AD -0.00156     DE 0.00256      
BC 0.00006      DF 0.00369      
BD -0.00294     ABE -0.00031     
CD 0.00081      ABF -0.00244     

ABC -0.00206     ACE 0.00244      
ABD 0.00069      ACF 0.00006      
ACD -0.00031     ADE -0.00156     

BCD= AEF 0.00006      ADF -0.00169     
Note: Potentially significant effects are in bold. 
 
significant. Figure 1(b) indicates that none of the 
contrasts in the interaction stratum appears to be 
significant.  

The analysis of the other three contrasts is much 
more subjective. The magnitude of contrast F 
compared with contrast E leads to considering F as a 
potential significant factor. Furthermore, the variance 
of contrast EF is at least equal or higher than the 
variance of the other contrasts (see Section 4.2). 
Thus, considering that a contrast with the same 
magnitude as EF does not appear to be significant in 
the row strata (with equal or smaller variance), we 
may conclude that contrast EF does not seem to be 
significant. 
 
4.2 Error Strata in Post-Fractionated Strip-

Block Designs 
 

A typical post-fractionated strip-block design has 
four error strata as depicted in the previous section. 
In this section we present general expressions for the 
variance of contrasts in a post-fractionated strip-
block designs and a procedure to identify contrasts 
associated with each error strata.  

A post-fractionated strip-block design has four 
types of variance, one associated with the row design, 
other associated with the column design, other 
associated with the row x column designs interaction, 
and another associated with the generation of the 
post-fraction. Now we present contrast variance 
expressions for the general case of a post-fractionated 
strip-block design of order f, denoted by (2k-p x 2q-r)/ 
2f. (See Vivacqua (2002) for a detailed derivation of 
these expressions).  Consider N = (2k-p x 2q-r)/2f. 

Using R to represent a contrast associated with the 
row design, its variance is 

( ).24)ˆ( 22
RCR

frq

N
RVar σσ += −−  

Using C to represent a contrast associated with the 
column design, its variance is 

( ).24)ˆ( 22
RCC

fpk

N
CVar σσ += −−  

Using RC to represent a contrast associated with 
the row x column designs, its variance is 

.4)( 2
^

RCN
RCVar σ=  

Now, using F to represent a contrast associated 
with the post-fraction generation, its variance is 

( ).224)ˆ( 222
RCC

fpk
R

frq

N
FVar σσσ ++= −−−−  

We can notice that contrasts associated with row x 
column interaction have the smallest variance, which 
means that these contrasts are estimated with more 
precision. This feature makes this configuration 
particularly alluring for robustness studies, since in 
such applications the practitioner is mostly interested 
in interactions between row and column designs, 
which represents interactions between control and 
environmental factors. 

The grouping of the contrasts into each error strata 
can be summarized in a general procedure as follows. 
A post-fractionated strip-block of order f has ((2k-p x 
2q-r)/2f) – 1 possible linear contrasts. The rule for 
assigning contrasts to error strata is: 
• The 2f – 1 contrasts and their aliases generated 

by multiplying out the f basic generators of the 
post-fraction in all possible ways have the post-
fraction error variance; 

• The 2k-p - 2f contrasts and their aliases generated 
by multiplying out the k – p basic  generators  for 
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Figure 1 - Normal Plot of (a) Row and (b) Interaction Effects 

 
the row design in all possible ways, excluding 
the 2f – 1 contrasts associated with the post-
fraction have the row error variance; 

•  The 2q-r - 2f contrasts and their aliases generated 
by multiplying out the q – r basic generators for 
the column design in all possible ways, 
excluding the 2f – 1 contrasts associated with the 
post-fraction have the column error variance; 

• The remaining (2k-p-f – 1) (2q-r - 2f) contrasts and 
their aliases have the row x column error 
variance. 

As an example, let us consider the (24 x 22)/21 post-
fractionated strip-block design from the battery cells 
experiment with generator ABCD = EF. This design 
has one contrast (EF = ABCD) associated with the 
post-fraction variance. Multiplying out the four basic 
generators of the row design in all possible ways and 
excluding the contrast ABCD identify the 24 – 21 = 14 
contrasts associated with the row variance. Thus, 
these contrasts are A, B, C, D, AB, AC, AD, BC, BD, 
CD, ABC = CDE, ABD = CEF, ACD = BEF, and 
BCD = AEF. Also, there are 22 – 21 = 2 contrasts 
associated with the column variance. These contrasts 
are obtained by the generators E and F, excluding the 
contrast EF. The remaining (24-1 – 1) (22 – 21) = 14 
contrasts are estimated with the row x column 
variance. 

This rule makes the task of separating contrasts 
simple and straightforward, and avoids the 
cumbersome computation of all variances. 
Consequently, the practitioner can without difficulty 
perform the proper analysis of the experiment. 
 

5. CONCLUSION 
 

In industrial experiments, a two-level post-
fractionated strip-block design may represent a cost-
effective method to gather knowledge and fast 
responses for guiding the design of products and 
processes. The basic steps of the construction of these 

designs are (1) the selection of a base strip-block 
design, and (2) the choice of a convenient fraction, 
called the post-fraction, of the base design to be 
executed. The analysis should be conducted on a 
stratum-by-stratum basis.  
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